Hox genes are key regulators of anterior-posterior axis patterning and have a major role in hindbrain development. The zebrafish Hox4 paralogs have strong overlapping activities in hindbrain rhombomeres 7 and 8, in the spinal cord and in the pharyngeal arches. With the aim to predict enhancers that act on the hoxa4a, hoxb4a, hoxc4a and hoxd4a genes, we used sequence conservation around the Hox4 genes to analyze all fish:human conserved non-coding sequences by reporter assays in stable zebrafish transgenesis. Thirtyfour elements were functionally tested in GFP reporter gene constructs and more than 100 F1 lines were analyzed to establish a correlation between sequence conservation and cis-regulatory function, constituting a catalog of Hox4 CNEs. Sixteen tissue-specific enhancers could be identified. Multiple alignments of the CNEs revealed paralogous cis-regulatory sequences, however, the CNE sequence similarities were found not to correlate with tissue specificity. To identify ancestral enhancers that direct Hox4 gene activity, genome sequence alignments of mammals, teleosts, horn shark and the cephalochordate amphioxus, which is the most basal extant chordate possessing a single prototypical Hox cluster, were performed. Three elements were identified and two of them exhibited regulatory activity in transgenic zebrafish, however revealing no specificity. Our data show that the approach to identify cis-regulatory sequences by genome sequence alignments and subsequent testing in zebrafish transgenesis can be used to define enhancers within the Hox clusters and that these have significantly diverged in their function during evolution.
Introduction
Hox genes encode a family of transcription factors that are organized in clusters in most metazoan lineages. In humans and mice, four paralogous Hox clusters, comprising 39 genes, control cellular identity in the central nervous system (CNS), the skeleton, and inner organs along the embryonic antero-posterior axis (Deschamps and van Nes, 2005; Kessel and Gruss, 1991; Krumlauf et al., 1993) . The Hox genes of group 1 to 4 are essential for patterning the hindbrain and the adjacent neural crest (reviewed by Kiecker and Lumsden, 2005) , but also for the specification of neuronal phenotypes (Arenkiel et al., 2004; Gaufo et al., 2003 Gaufo et al., , 2004 . Hox genes have played major roles in driving key evolutionary innovations; as an example, the vertebrate limbs adopted the Hox gene system for regulating outgrowth and polarity. Enhancers regulating the development of extremities have been identified close to the genes they regulate Sharpe et al., 1998) , but also outside of the gene cluster, namely the global control region (GCR) and the early limb control region (ELCR) upstream and downstream of the HoxD cluster (Spitz et al., 2003 (Spitz et al., , 2005 Tarchini et al., 2006) .
During bilaterian evolution, various rearrangements occurred in the primordial Hox cluster in distinct lineages, ranging from enlargement to split into single genes (for a review of nomenclature see Duboule, 2007; Monteiro and Ferrier, 2006) . For example Oikopleura dioica, a species of urochordates, the sister group of the vertebrates (Bourlat et al., 2006; Delsuc et al., 2006) has nine Hox genes dispersed throughout the genome, but has retained, to some extent, antero-posterior expression domains (Seo et al., 2004) . This suggests that in Oikopleura Hox genes are regulated through close-by flanking sequences, which may control their activity in a way comparable to that of developmental regulatory genes not organized in clusters. The cephalochordate amphioxus, Branchiostoma floridae, represents the most basal chordate lineage (Bourlat et al., 2006; Holland et al., 2008) and reveals many aspects of the ancestral chordate genomic organization (Brooke et al., 1998; Garcia-Fernandez and Holland, 1994; Putnam et al., 2008) , which has subsequently been lost in the urochordates, while having been retained and consolidated in vertebrates (Duboule, 2007) . Amphioxus has a single, prototypical Hox cluster containing 15 genes displaying temporal and spatial colinearity (Ferrier et al., 2000; Holland et al., 2008; Schubert et al., 2006; Wada et al., 1999) . As discussed in Duboule (2007) , the driving force behind retaining and consolidating a clustered structure of Hox genes in vertebrates may be the communal ability of the genes to fulfil a functional task that cannot be fulfilled by any of the genes in isolation. For example, nested transcriptional units and shared promoters (Hadrys et al., 2006) could result in novel proteins, whereas increased gene proximity may facilitate the coordinated transcription of neighbouring genes through global control regions located outside the cluster (Kmita et al., 2002a; Spitz et al., 2003) . It is likely that the function of single genes became integrated into a broader control landscape and that the clusters, duplicated in vertebrates, facilitated dosage-specific and overlapping gene activities, ultimately resulting in compensatory, synergistic-, and overlapping functions (Condie and Capecchi, 1994; Dasen et al., 2003; DiPoi et al., 2007; Gaufo et al., 2003; Kmita et al., 2002a Kmita et al., , 2005 Manley and Capecchi, 1997) . Most recent findings revealed that clustering is required to maintain full repression of the genes through chromatin modifications during very early stages of development (Soshnikova and Duboule, 2009) .
With the increased availability of genome sequences, functional elements can be defined as conserved non-coding sequences (CNEs), highly conserved non-coding sequences (HCNEs) or ultraconserved regions (UCRs) depending on the degree of conservation (Bejerano et al., 2004; Sandelin et al., 2004) . When tested in reporter gene assays in mice and zebrafish, the majority of HCNEs and UCRs show enhancer activity (de la Calle-Mustienes et al., 2005; McGaughey et al., 2008; Pennacchio et al., 2006) . Enhancers of a given gene often display overlapping tissue-specific activity (Komisarczuk et al., 2009 ) and the deletion in mice of some UCRs with regulatory activity did not result in an obvious morphological or behavioural phenotype (Ahituv et al., 2007) pointing at a certain degree of redundancy. While functions of these elements other than cis-regulatory activity is difficult to address, there are hypotheses that some might participate in mediating DNA looping in long range gene regulatory processes in chromatin structure (Woltering and Duboule, 2009) .
To identify cis-regulatory sequences that control the zebrafish Hox4 genes we used sequence conservation as a parameter to predict genomic sequences for testing in reporter gene constructs. Despite the genome duplication that occurred in the teleost lineage (3R) and led to seven Hox clusters in zebrafish (hoxaa, hoxab, hoxba, hoxbb, hoxca, hoxcb and hoxda), the Hox3 and Hox4 paralogs were retained together as single copies only on the "a"-duplicates (see Fig. 1 ), which might have occurred due to regulatory sequences that are shared by both genes. This represents most likely the original structure that existed in vertebrates before the split with teleosts. Vertebrate Hox3-Hox5 genomic sequence comparisons were used to identify conservation in the non-coding sequence surrounding the zebrafish hoxa4a, hoxb4a, hoxc4a and hoxd4a genes. Using human:zebrafish conservation as a threshold for functional testing, CNEs were defined for their ability to drive reporter gene expression in stable zebrafish transgenes. Because the four gene loci arose from a single ancestral cluster, we used multiple alignment tools to analyze the paralogous relationships of the CNEs and to establish a common function. We further searched for ancestral Hox4 regulatory information by aligning the Hox5-Hox3 genome sequence of the urochordate amphioxus against hornshark, tetrapod, mammal and teleost sequences. Two CNEs were identified upstream of AmphiHox4, a further one, located in the intron of the gene, was found to be conserved in all analyzed species, but had unspecific cis-regulatory activity in zebrafish.
Materials and methods

Maintenance of zebrafish and embryos
Zebrafish (Danio rerio) were maintained and obtained from our breeding colony under standard conditions according to a protocol developed in our laboratory (http://www.sars.no/facilities/ fishRaisingprotocol.doc). Embryos for Tol2 transgenesis were obtained from crosses of wildtype TAB zebrafish. Potential transgenic founders were outcrossed to a Singapore spotty strain. Fertilized eggs Fig. 1 . A. Hox gene complement of amphioxus, mouse and zebrafish. Amphioxus is the only metazoan with a complete array of 15 genes. After two rounds of genome duplications that took place during vertebrate evolution, vertebrates present four paralogous clusters in mammals, and due to a third whole genome duplication up to 8 in teleosts. Hox gene coding sequences are represented as black boxes, and pseudogenes as white boxes. B. Phylogenetic relationship of the chordates and vertebrates.
were kept at 28.5°C in E3 embryo medium with 0.003% 1-phenyl-2-thiourea to prevent pigmentation and were staged according to Kimmel et al. (Kimmel et al., 1995) .
Identification of orthologous CNEs
Starting from the zebrafish zv6 CNEs, we used the liftOver tool from the UCSC browser to identify orthologous CNEs in human (hg18), mouse (mm8), chicken (galGal3) and xenopus (xenTro2). The corresponding locations can be viewed at http://tagc.univ-mrs.fr/ zebrahox, which contains links to the UCSC locations.
Identification of paralogous relationships
Paralogous relationships between CNEs in the four zebrafish regions were determined by aligning all CNEs against each other using the YASS algorithm (Noe and Kucherov, 2005) , which is adapted to local alignments of non-coding DNA. We run YASS with standard options, and keep alignments with E-values b0.1. Obtained alignments are displayed graphically in Fig. 8 , where the width of the lines represents the length of the local alignment, and the color indicates the percentage identity.
Multiple alignments
Multiple alignments were performed using MUSCLE 3.6 and are displayed on the supplementary website. The full alignment of the intronic element was performed using MUSCLE and manually adjusted using the SeaView software. Motifs that appear in the multiple alignments are confirmed by using the GLAM2 software (Frith et al., 2008) which identifies gapped conserved motifs, and builds motif logos. The motifs obtained from GLAM2 are compared to motif databases using the Tomtom software (Gupta et al., 2007) . As motif databases, we used Transfac and the database of homeodomain binding sites of (Berger et al., 2008) . We used default parameters.
Phylogenetic analysis
The phylogenetic analysis was done using the phylogenetic pipeline available on www.phylogeny.fr (Dereeper et al., 2008) . Multiple alignments were done using MUSCLE, and curated with Gblocks. The trees were built using the PhyML algorithm, and the bootstrap values were approximated using the aLRT method implemented in PhyML 3.0.
Cloning of conserved non-coding sequences and plasmid DNA injection
Sequences conserved between human and zebrafish were chosen for enhancer testing and 50 bp-100 bp were added 5′ and 3′ for PCR amplification. Fragments were amplified by PCR using Platinum Taq polymerase (Invitrogen) from zebrafish genomic DNA extracted from 24 hpf embryos using DNeasy Tissue Kit (Qiagen) and from amphioxus genomic DNA. The primer pairs for the amplification are listed together with the coordinates of the elements in Table  Supplement 1. The amplified PCR products were subcloned into a pCR8/GW/Topo cloning Vector and were cloned afterwards into the destination vector (Tol2 GFP-Expression Vector) from which the element was sequenced for confirmation as described (Navratilova et al., 2009 ). The plasmid DNA was purified by phenol-chlorophorm extraction and diluted to 50 ng/µl with DNase/RNase free water. Transposase mRNA was synthesized and purified with the mMessage SP6 Kit (Ambion) from the pCS2_TP vector after digestion with NotI and purified according to instructions by the manufacturer. The injection mixture contained 25 ng/µl DNA and 25 ng/µl Transposase mRNA. An amount less than 2 nl was injected into the cytoplasm of each egg shortly after fertilization. The embryos were incubated at 28.5°C and screened at 24 hpf for GFP fluorescence. Embryos that showed GFP expression were selected and raised.
Screening and expression pattern documentation
Injected adult zebrafish were outcrossed with wildtype fish and progeny were screened for GFP fluorescence. Positive embryos were collected for expression pattern documentation and raising. The corresponding parental founder fish were kept separately in the tank system. Three to five F1 lines were generated originating from two to five positive founders. In general, a CNE driving GFP in at least three zebrafish lines from three different founders in the same structures was considered to act as tissue-specific enhancer. A few elements had such clear Hox4 specific activity that two lines were deemed sufficient for evaluation. For tested CNEs that resulted in inconsistent expression patterns in the transgenic lines, no conclusion in regards to their function could be drawn.
Transgenic GFP expressing zebrafish embryos and larvae were screened and photographed using a GFP filter on a Nikon ECLIPSE TE2000-S inverse microscope, equipped with a 470/40 nm excitation filter and a 500 nm LP emission filter (Chroma) with Diagnostic Instruments Inc. SpotRT™ KE monochrome digital camera and Spot™ software. For orientation of the larvae during the imaging procedure, the embryos and larvae where anesthetized with 0.2% tricaine (3-amino benzoic acid ethylester, Sigma) and embedded in 3% methylcellulose.
Immunohistochemistry
Immunostaining and vibratome sectioning of F1 larvae were performed as described (Punnamoottil et al., 2008) .
In situ hybridization
In situ hybridization was performed according to (Oxtoby and Jowett, 1993) . The hoxc4a template was amplified by PCR from genomic DNA with primer sequences published at Zfin.
PCR-primers for hoxc4a sequence: forward primer: GCTAGTAGGAGGGCTTTATGG, reverse primer: GGATCCATTAACCCTCACTAAAGGGAAAAAGGAGTGAGGCAGACG.
The amplified hoxc4a sequence (549 bp) was cloned into the Gateway pCR2.1 Vector and digested with the restriction enzyme HindIII. The antisense probe was synthesized with T7 RNA Polymerase using Digoxigenin labeled ribonucleotides.
Results
Conserved non-coding sequences around the Hox4 paralogous genes
The seven zebrafish Hox clusters originated from the four vertebrate Hox clusters by whole genome duplication and subsequent loss of single genes (all of them in the eighth cluster, hoxdb) (Amores et al., 1998; Hoegg and Meyer, 2005; Kuraku and Meyer, 2009) . Whereas many Hox paralogs are dispersed on the duplicated "a"-and "b"-versions of the clusters, the linked Hox4 and Hox3 genes are always located on the a-clusters, and the duplicated gene pairs have been lost in the b-clusters. This suggests that the Hox4/Hox3 gene arrangement in zebrafish can be compared directly to the four Hox clusters in tetrapods and mammals.
The conservation within the non-coding sequences upstream and downstream of hoxa4a, hoxb4a, hoxc4a and hoxd4a was identified in the UCSC genome browser using the zebrafish March 2006 assembly (Fig. 2) . We searched the intergenic regions starting downstream of Hox5 up to 9 kb downstream of Hox4 for elements of high fishhuman conservation (CNEs). Whereas in the Hoxd cluster the hoxd3a-hoxd4a region is preserved, the hoxd5a to hoxd8a genes are lost, For better overview the hoxa4a, hoxb4a, hoxc4a and hoxd4a genes are centered. The red horizontal bars indicate the highly conserved non-coding elements (CNEs) conserved from teleosts to human. The elements in rectangles have been additionally tested. A. Genomic region from hoxa5a to hoxa3a located on chromosome 19, spanning 17 kb. B. A 38 kb genomic region from hoxb5a to hoxb3a on chromosome 3. C. The genomic region from hoxc5a to hoxc3a on chromosome 23, containing 26 kb. D. The region from hoxd9a to hoxd3a on chromosome 9 with around 27 kb.
prompting us to take hoxd9a as a boundary for sequence conservation analysis. Thirty-two elements were identified that met our threshold (red bars in Fig. 2 ). Two further elements were included into the analyses, one fragment in the intron of hoxa4a and one element downstream adjacent to hoxd9a. An element upstream of hoxb3a is a known enhancer and was used as control in the functional experiments. The zebrafish elements as well as their orthologous sequences in xenopus, mouse, human and chicken are listed at http://tagc.univmrs.fr/zebrahox, a site linked to the UCSC genome browser. Multiple alignments of the orthologous sequences and the fish-human conservation level are included.
Conserved non-coding sequences with strong evolutionary constraint act as enhancers and have overlapping activities in Hox4 gene regulation
We next asked whether the high evolutionary constraint of the sequences is due to their regulatory functions. The sequences that were chosen for enhancer testing are illustrated in Fig. 2 by the red bars and are listed with size and corresponding primer pairs in supplementary Table 1 . For PCR-based amplification of each element, up to 150 bp of flanking sequence were amplified at the 5′ and 3′ ends of the CNEs of interest. The fish-human conservation levels varied between 57% and 84% as listed for each element on the website. Altogether, 36 elements were amplified from zebrafish genomic DNA and subsequently cloned into a Tol2-Gata2-GFP reporter vector for injection into zebrafish embryos as described (Navratilova et al., 2009 ). The reporter gene activity in several independent transgenic insertions (see Materials and methods) was analyzed by fluorescent microscopy during 1 to 5 days post fertilization (dpf), to identify functional elements. To evaluate our experimental approach we tested a CNE that was chosen by the same computational approach as the other CNEs, but that includes a well analyzed hoxb3a regulatory element (Manzanares et al., 1997 (Manzanares et al., , 2002 . This element drove expression in hindbrain rhombomere r5 in four different lines (Fig. 3) . Surprisingly, almost every line showed an additional hoxb3a specific expression feature such as spinal cord (#8a), migrating neural crest (#1a) and pharyngeal endoderm (#9a), a regulatory function that might be dependent on the site of insertion. The reporter gene expression patterns were compared to the endogenous expression patterns of the Hox4 genes. Hoxa4a, hoxb4a and hoxd4a expression features were described in detail in a previous study (Punnamoottil et al., 2008) , the hoxc4a expression pattern is provided in supplemental Fig. 1 . The genes have overlapping activities within the hindbrain r7 and r8, the spinal cord and the pharyngeal arches 3-7, structures on which we have focussed in this study.
The hoxa4a locus contains five elements that were tested for enhancer activity (Fig. 4) . The expression domain in the hindbrain was represented by elements a4-2 and a4-3, which drove tissuespecific expression in different subdomains in rhombomeres 7 and 8 (Fig. 4 , red arrows). Element a4-2 mediated strong expression predominantly in the dorsal hindbrain with GFP expressing cells along the ventricular surface. Transverse sections through anti-GFP stained larvae revealed the localisation of the cell bodies along the dorsal and medial ventricular surface with projections towards the lateral and ventral hindbrain (a4-2″, light blue arrows). Element a4-3 mediated broad GFP expression in the medioventral hindbrain, in which the cytoplasmatic GFP allowed for the resolution of axonal projections Fig. 3 . The tested hoxb3a regulatory element is a tissue-specific enhancer. Lines from four different founders had strong GFP expression in hindbrain r5. Furthermore almost each founder showed another additional expression feature, which are also within the hoxb3a expression domain -founder #9a: pharyngeal endoderm (blue arrow), founder #8a: spinal cord (yellow arrow), founder #1a: migrating neural crest (blue arrow). Fig. 4 . Schematic of the genomic region from hoxa5a to hoxa3a with the tested elements in a color code (red: tissue-specific enhancer activity, blue: unspecific, white: no activity) and the distance of the element from the exons in kb. The expression of GFP under the regulatory control of the tested CNEs is shown in representative zebrafish larvae between stage 2 dpf to 4 dpf. The asterisk marks the level of the inner ear and the arrows follow a color code: red, hindbrain; yellow, spinal cord; brown, cranial ganglia; light blue, neuronal projection; pink, pectoral fin. a4-2. Expression of GFP in a dorsal and ventral subpopulation of cells in the most posterior part of the hindbrain and in the anterior spinal cord. a4-2′. Dorsal view of the posterior hindbrain and spinal cord with GFP expression in cells along the ventricular surface. a4-2″. Anti-GFP stained transgenic larva with sections trough the posterior hindbrain and anterior spinal cord (indicated by black lines). a4-3. Wide GFP expression in the medial posterior hindbrain and anterior spinal cord. a4-3′. Dorsal view that shows GFP expression in the vagal ganglion, in the pectoral fins and in fibers innervating the pectoral fins and the somites. a4-3″. Anti-GFP stained transgenic larva with sections showing signal in the hindbrain (red arrow points to the vagal nucleus) and in the spinal cord. The level of sections are indicated by the black lines. Neuronal projections are visible (1) from the vagal nuclei towards the vagal ganglion (brown arrow) and (2) into the pectoral fin and (3) along the somites.
into the pectoral fins (a4-3′ brown arrows and a4-3″ light blue arrows) and within the 10th nerve towards the vagal ganglia (a4-3″, brown arrow). Sections through the hindbrain of anti-GFP stained larvae revealed that GFP was localized in neurons of the vagal nuclei (a4-3″, red arrows). Both elements also mediated expression in the spinal cord (yellow arrow) -while element a4-2 driven GFP was localized along the ventricular surface with a decreasing intensity towards posterior, and a4-3 mediated expression in the lateral and ventral spinal cord (a4-3″), where the GFP labeled neurons sent out neuronal projections to the adjacent myotomes (a4-3′, a4-3″, light blue arrows). The other elements that were tested had either unspecific activity (a4-4, a4-5) or no activity (a4-1).
In summary, the main expression features of the hoxa4a gene are mediated by elements a4-2 and a4-3, which act as enhancers and regulated almost the same expression features seen in the hoxa4a enhancer trap line CLGY409 (Punnamoottil et al., 2008) .
Within the hoxb4a locus 13 elements were tested (Fig. 5 ). Among these, five were found to function as tissue-specific enhancers: b4-2, b4-4 (data not shown), b4-5, b4-7 and b4-10. The other eight elements had unspecific activity and one element was considered as negative.
The expression patterns driven by the enhancers are shown in Fig. 5 . Four of the enhancers, b4-2, b4-4, b4-5 and b4-10, drove GFP in the hindbrain r7 and r8, with two of them driving in addition expression in the pectoral fins and in the pharyngeal arches (b4-4 and b4-5). All five enhancers revealed activity in the spinal cord, with one of them, element b4-7, regulating this expression domain exclusively. Element b4-4 further mediated somitic expression and activity in the notochord. One element (b4-5) had activity in the cranial ganglia. In the hindbrain expression domain, element b4-10 mediated a sharp anterior boundary at r6, whereas b4-5 had a diffuse anterior expression within r7 (Fig. 5, red arrows) . A region homologous to element b4-10 has been described in mice as Region A enhancer, and was found to regulate posterior hindbrain expression with a sharp anterior r6/r7 expression boundary (Whiting et al., 1991) . It is noteworthy that the intronic element b4-7 was the only element that drove expression exclusively in the spinal cord. Our observations suggest that the enhancers in the hoxb4a locus have overlapping activities in the main expression domains and might regulate the main features of the gene in synergy.
Anti-GFP staining of b4-5 larvae (Fig. 5 ) and subsequent sectioning revealed that the GFP was distributed in a dorsal and lateral Fig. 5 . Schematic of the hoxb5a to hoxb3a genomic region. Tested elements are indicated as ovals (red: tissue-specific enhancer activity, blue: unspecific, white: no activity) with its distance from the exons in kb. The regulatory activity of the elements is illustrated by representative larvae at 2 to 4 dpf. The asterisk marks the level of the inner ear. The arrows follow a color code: red, hindbrain; yellow, spinal cord; brown, cranial ganglia; light blue, neuronal projection; white, migrating neural crest. b4-2. GFP expression in the posterior hindbrain, extending with decreasing intensity into the anterior spinal cord. b4-5. Larva with strong and broad GFP expression in the hindbrain r7 and r8 extending posterior into the spinal cord. GFP is also visible in a pectoral fin neuron, in the developing pharyngeal arches and a cranial ganglion. b4-5′. Anti-GFP stained larva with sections at the level of the 2nd somite and the spinal cord. The level of sections are indicated by the black lines. Strong GFP expression is indicated in the dorsal and lateral domains of hindbrain r7 and r8 with projections into the pectoral fins. In the spinal cord the signal is also stronger dorsally with two clusters of motoneurons projecting laterally along the adjacent somites. b4-7. Larva with strong GFP expression in the entire spinal cord. b4-10. Larva with GFP expression in the hindbrain r7 and r8 with a sharp anterior expression boundary at r6. Expression extends posterior into the spinal cord. GFP is also visible in cranial ganglia around the inner ear. b4-10′. Anti-GFP stained larva of the same transgenic line with sections through the hindbrain r6/7 and r7, which shows the distribution of the GFP positive cells in the medial hindbrain and in cells of the posterior lateral line ganglion.
subdomain of the hindbrain with some positive neuronal clusters located ventrally and GFP positive neurons sent out projections to innervate the pectoral fins (light blue arrows in b4-5'). Further, GFP labeled motor neurons from the spinal cord sent out projections towards the adjacent myotomes (light blue arrows in b4-5'). Sections through immunostained b4-10 larvae showed GFP positive cells in a medioventral subdomain in the hindbrain (b4-10'). Thus, despite indicated overlapping functions of enhancers in the hoxb4a locus, further single elements seem to have unique functions at cellular levels.
Within the hoxc4a locus four elements were tested for enhancer function (Fig. 6) , where three of them (c4-2, c4-3 and c4-4) drove reproducible tissue-specific expression and the fourth had unspecific activity. Expression in the hindbrain r7 and r8 (red arrows) was mediated through all three tissue-specific elements. Element c4-2 regulated GFP expression in the medial r7 and r8, which became weaker towards anterior. Element c4-3 mediated weak expression in single cells of the lateral and ventral hindbrain and element c4-4 drove expression in r8 with GFP fading into r7 to form a weak boundary at r6. The hoxc4a spinal cord expression domain was also represented by all three tissue-specific elements (yellow arrows). In addition, c4-2 and c4-4 regulated expression in the pectoral fins (pink arrows) and c4-4 further mediated expression in the pharyngeal arches (dark blue arrow).
In summary, although the hoxc4a locus has fewer conserved sequences, most of them act as tissue-specific enhancers mediating the main expression features of the gene.
Within the hoxd4a locus twelve CNEs were tested for cisregulatory activity (Fig. 7) with one of them (d4-9) also tested as a Fig. 7 . Schematic of the hoxd9a to hoxd3a genomic region with the tested elements illustrated as described in Figs. 4 and 5. The arrow color code: red, hindbrain; yellow, spinal cord; grey, somites; light blue, neuronal projection; green, pharyngeal arches. Representative larvae with GFP expression under regulatory control of CNEs that surround hoxd4a are shown at 2 to 4 dpf. The asterisk marks the level of the inner ear. d4-1. Larva showing GFP expression in the posterior spinal cord and in the somites. d4-3. GFP expression in two bilateral columns in hindbrain r2 to r6, adjacent to the inner ear. d4-4. Larva with GFP expression in spinal cord motor neurons and their projections towards the somites. Some neurons in the hindbrain r4-6 are also GFP positive. d4-6. Larva with a strong expression boundary at cerebellum/midhindbrain boundary. Strong GFP expression in the hindbrain and in the dorsal spinal cord. d4-8. Element d4-8 is located in the intron of the gene. A larva with expression in the dorsal and ventral spinal cord with GFP expressing neurons projecting towards the somites. d4-9a. Larva shows GFP expression in the hindbrain with a week anterior boundary at r6/r7. The GFP distribution continues into the spinal cord and GFP expression is also visible in the pharyngeal arches. longer fragment (compare Fig. 2, d4-9a) . The hoxd5a to hoxd8a genes were lost in the zebrafish hoxda cluster, which might have resulted in a situation where retained regulatory sequences drive either the upstream located hoxd9a or the downstream located hoxd4a gene, maybe conferring unique expression features to both genes. Six elements regulated tissue-specific expression. The other elements (d4-2, d4-7, d4-10, d4-11) had unspecific activity and one element (d4-5) was negative. Element d4-1 is located only 50 bp downstream of the hoxd9a gene and drove expression in the posterior spinal cord (yellow arrow), most likely representing a hoxd9a expression domain, and further in the somites and pectoral fins. Element d4-3 had specific activity throughout r4 to r6 in two lateral columns adjacent to the inner ears (red arrows). From retrograde labeling studies in chick, frog and mice it is known that these regions include the vestibular nuclei that are innervated by the 8th nerve (Diaz and Glover, 2002; Pasqualetti et al., 2007; Straka et al., 2001 ). This is not an obvious feature of the hoxd4a gene, but it could be part of the broad expression pattern of hoxd9a. The d4-4 element drove expression in motor neurons within the spinal cord (yellow arrows) that sent projections towards the skeletal muscle (light blue arrow). An autoregulatory element (ARE) was described in the sequence that we have included in element d4-6 (Nolte et al., 2003) . When tested, this element resulted in GFP expression in the hindbrain, cerebellum and spinal cord. Element d4-8 is located in the hoxd4a intron. This element drove consistent expression in r8 and in the spinal cord with labeled fibers that projected towards the adjacent myotome. In addition, activity in the hoxd4a expression domains pharyngeal arches and pectoral fins was observed. CNE d4-9 was tested as a 395 bp element. This fragment did not show regulatory activity. Because this element is located in the critical region that was identified previously as a hindbrain enhancer in mouse, as well as in zebrafish (Nolte et al., 2003 (Nolte et al., , 2006 , we aligned the d4-9 sequence with the 570 bp zebrafish enhancer sequence that was published. We realized that important 5′ flanking sequences including a DR5 RARE site were missing from the element that we had tested. The critical sequences are conserved only in fishes. When these were included into the fragment for regulatory testing, resulting in a 989 bp fragment (d4-9a -for primer and coordinates see Table suppl . 1), GFP was driven in the hindbrain, spinal cord and pharyngeal arches. The pattern did not show a strict anterior expression boundary; instead the GFP faded from r8 towards anterior through r7.
An overview of the main expression features that are mediated by the Hox4 CNEs is given in Fig. 8 . The figure illustrates that the activity of the genes is mediated through several enhancers regulating broad expression in overlapping domains. To compare the regulatory information with enhancers that have been previously identified in the mouse, the comparable genomic fragments are indicated with a link to the literature.
Paralogous and orthologous relationships of Hox4 CNEs
Because the four Hox4 loci originated from a single Hox4 locus in ancestral chordates, functionally important sequences that surround an ancestral Hox4 gene might be evolutionary constrained in duplicated Hox4 loci. We therefore asked whether there are CNE similarities and if paralogous cis-regulatory sequences with similar functions could be identified. Multiple alignments of the paralogous zebrafish CNEs revealed that many of the conserved sequences are indeed very similar to each other. Three groups of CNEs could be established showing the highest level of similarity in between the paralogous loci. Their relationships are illustrated in Fig. 9 , indicating that paralogous CNEs located 1-2 kb downstream of hoxa5a, hoxb5a and hoxc5a (a4-1, b4-1, c4-1) correspond to a CNE located approximately 8 kb downstream of hoxd9a (d4-4) (group "I" in Fig. 9 ). Whereas in the hoxda cluster this sequence regulates the 4.5 kb distant hoxd4a gene, in the other three clusters the paralogous elements are supposed to regulate the Hox5 and/or the Hox4 genes (Sharpe et al., 1998) . Element d4-4, active in the spinal cord, therefore represents the beginning of the hoxd4a regulatory domain whereas elements d4-1 to d4-3 are likely to regulate the hoxd9a gene as this gene is widely expressed in the brain (zfin ID: ZDB-GENE-990415-121). We concluded that CNEs a4-1, b4-1, c4-1 and d4-4 are paralogous sequences, however, a cis-regulatory function could not be directly compared, because with exception of the d4-4 these elements did not function as tissue-specific enhancers. From previous studies (Hadrys et al., 2006) we know that the sequence b4-1 includes a promoter that initiates a long transcription unit containing exons of both genes, hoxb4a and hoxb3a. Taking this into account we suggest that the first Hox4 regulatory sequence (#1 in aa, ba, ca and #4 in da) could have been retained in all four loci, because this might include a promoter sequence for the initiation of a very long transcript starting downstream of Hox5 and including Hox4 and Hox3 exon sequences. The hoxb4a/hoxb3a transcript and promoter has been described and recently similar transcripts for hoxa4a/hoxa3a and hoxc4a/hoxc3a have been annotated in the Ensembl genome browser (www. ensembl.org). In the zebrafish hoxda cluster such a transcript is not described, but a comparable transcript is suggested in zebrafish since a long Hoxd3 transcript starting downstream of Hoxd8 (where Hoxd5 to Hoxd7 do not exist) is annotated in the mouse genome (ENSMUST00000111983). The four clusters share another conserved element upstream of the Hox4 genes, a4-4 in the hoxa4a, b4-5 in the hoxb4a-, c4-2 in the hoxc4a locus and d4-5 in the hoxd4a locus (group "II" in Fig. 9) . A third group is formed by paralogous CNEs located in the intron sequences of the genes ("III" in Fig. 9 ), however, whereas there was strong conservation in the hoxba, hoxca and hoxda genes, we found this sequence only marginally conserved in hoxa4a. Further elements are either most conserved between the hoxb4a and hoxd4a, the hoxb4a and hoxc4a or the hoxc4a and hoxd4a loci. From this analysis we could group the clusters in two similarity groups: aa, ba, ca and ba, ca, da, revealing no striking CNE similarities between the hoxa4a locus and the hoxd4a locus.
We conducted a phylogenetic analysis with group I, II and III CNEs using the phylogeny.fr web-service (Dereeper et al., 2008) .The orthologous sequences from human, mouse, tetraodon and xenopus were included. The phylogenetic trees for group II and III CNEs were not robust, due to short sequences and a lack of conservation in the hoxa4a intron. The tree resulting from alignments of group I CNEs revealed a very clear and robust picture, in which the a4-1 and b4-1 elements are grouped, while the c4-1 and d4-4 elements form a distinct sub-tree ( Fig. Suppl. 3) .
Finally we asked whether the most ancestral CNE might represent the ancient cis-regulatory sequence acting on Hox4. The AmphiHox3 -AmphiHox5 intergenic region from the cephalochordate amphioxus (Branchiostoma floridae) genome, which harbors the most closely extant representative of the ancestral, and extinct, chordate Hox cluster , was used for sequence comparisons with several vertebrate species, namely xenopus, zebrafish, fugu, horn shark, mouse, and human, using VISTA. An illustration of these comparisons is shown in supplementary Fig. 2 . One amphioxus sequence block showed high sequence conservation within the intron of all vertebrate Hox4 genes (highlighted in the supplementary Fig. 2 and 10A by a red line and designated in the amphioxus sequence as bf4). Two further sequences in the amphioxus genome, upstream of the two AmphiHox4 exons, were found to be conserved in zebrafish and fugu and were designated bf1 and bf2 (Fig. 10A , blue and green box). An additional conserved sequence in between bf2 and bf4 represents the previously described microRNA mir-10 ( Amemiya et al., 2008) . A 674 bp Amphioxus genome fragment was amplified to test the element bf1 through zebrafish transgenesis. This element, only conserved with zebrafish hoxa4a and fugu hoxa4a and hoxd4a, had unspecific activity. A 548 bp fragment was amplified to test CNE bf2, but did not drive GFP expression. Element bf4, located in the Fig. 8 . A. Overview about the CNEs that were tested from the four Hox clusters. The diagram illustrates how the main expression features are regulated by CNEs functioning as tissue-specific enhancers. The hoxa4a, hoxb4a, hoxc4a and hoxd4a genes are shown on the X-axis with the grey ovals indicating the exon sequences. The grey bars illustrate the tested elements and their genomic localization relative to the gene. Slim, short bars indicate CNEs that resulted in unspecific or inconsistent GFP expression patterns. Long, broad bars indicate CNEs that had specific cis-regulatory functions -these include abbreviations of the expression features. Short, empty squares indicate negative elements. B. Enhancers previously identified in the mouse are indicated in the genomic positions that are comparable to the zebrafish loci. The number below points to the article in which the enhancers were described. *1, 2, 3, 4, 5: (Behringer et al., 1993) : 5 kb in mouse, neuronal expression; 3 kb in mouse, mesodermal expression; 500 bp in mouse, CR1 element, no enhancer function; 3.3 kb in mouse, neuronal and mesodermal expression; 2.3 kb in mouse mesodermal expression. *6, 7, 8: (Sharpe et al., 1998) : 6.1 kb in mouse, Hoxb5 specific expression; 3.9 kb in mouse, Region E, neuronal expression; 4.5 kb in mouse, Region D, mesodermal expression. *9, 10, 11: (Brend et al., 2003; Gould et al., 1998 Gould et al., , 1997 Whiting et al., 1991) : 1 kb in mouse, Region C, CR1 element, posterior CNS and mesoderm; 1.45 kb in mouse, Region B, lung expression, somitic expression; 3 kb in mouse, Region A, 3′ RARE, hindbrain with anterior r6/7 boundary and spinal cord expression. *12: (Morrison et al., 1996) : 2.9 kb human sequence tested in mouse, neuronal expression with anterior boundary in the rostral spinal cord. *13: ): 1.2 kb human sequence tested in mouse, Hoxd4 specific mesodermal expression. *14: (Nolte et al., 2003; Popperl and Featherstone, 1992; Zhang et al., 1997) : human HOXD4 5′ flanking sequence, murine 5′ RARE element, tested in mouse, mesodermal expression. *15: (Nolte et al., 2003) : ARE auto regulatory element. *16: Nolte et al., 2003) : human HOXD4 intron element, CR1 element, no independent expression, consensus binding site for many homeodomain containing proteins, consensus binding site for CDX homeoprotein. *17: Zhang et al., 1997) : 700 bp human 3′ HOXD4 sequence, tested in mouse, Hoxd4 specific neuronal expression. *18, 19: (Folberg et al., 1997; Nolte et al., 2003) : 5.2 kb and 1.1 kb upstream of Hoxd4 coding region located promoters, P1 and P2 respectively, P1 promotor conserved in zebrafish sequence. *20: (Nolte et al., 2003 (Nolte et al., , 2006 Rastegar et al., 2004; Zhang et al., 2000) : 579 bp zebrafish sequence tested in mouse, Region A, hindbrain and spinal cord specific Hoxd4 expression, 3′ neuronal enhancer is required for retinoic acid response, contains 3′ RARE, required for initiation and maintenance of Hoxd4 expression, significant higher and complete expression pattern only with enhancer and Hoxd4 promoter, Pax6 binding region and positive regulation of Hoxd4a expression in mice. *21: (Visel et al., 2009 ): sequence in mouse contains p300 element. *22, 23: (Brend et al., 2003) : 1.4 kb in mouse likely to be somite 5/6 enhancer; 0.9 kb in mouse likely to be somite 5/6 enhancer. Abbreviations: cg, cranial ganglia; not, notochord; pha, pharyngeal arches; pfin, pectoral fin; r, rhombomere; sc, spinal cord; som, somites. Fig. 9 . Paralogous relationships between zebrafish CNEs. Lines represent local alignments between CNEs represented as grey boxes with a p-value b0.1 as given by the YASS alignment software. The width of the line is proportional to the length of the alignment, and the color represents the degree of similarity. The position of the genes is indicated by colored frames. Note that the relative spacing between elements does not reflect their genomic location. Fig. 10 . A. Three conserved sequences, identified through VISTA alignments of the zebrafish Hox4 loci (bf1, bf2, bf4) . B. Alignments of the amphioxus intronic element with the four paralogous zebrafish intronic elements (upper part) and the frog intronic elements (lower part). The width of the line is proportional to the length of the local alignment, the color indicates the level of similarity. C. The intronic element of the AmphiHox4 gene, bf4, was tested in zebrafish transgenesis. Shown is are larvae with GFP expression in the pharyngeal arches (blue arrow) and the pectoral fins (pink arrows) as well as hindbrain (red arrow) and spinal cord (yellow arrow). D. For comparison the expression features that are regulated through the tested zebrafish intron elements are shown. The arrows use the following designated color code: red, hindbrain; yellow, spinal cord; blue, pharyngeal arches and pink, pectoral fins.
intron of AmphiHox4, was tested as a 374 bp fragment. We evaluated its activity as unspecific, because the GFP expression features were not consistent in the different lines, even though we observed some Hoxspecific expression features such as hindbrain (Fig. 10C, red arrow) , spinal cord (yellow arrow), pharyngeal arches (blue arrow) and pectoral fins (pink arrow). For comparison Fig. 10C shows the regulatory activity of the zebrafish Hox4 intronic elements -b4-7 in the spinal cord, c4-3 in the lateral hindbrain r7, r8 and in the spinal cord, d4-8 in the spinal cord, while a4-5 was unspecific.
Because of the high conservation of CNE bf4 and its presence in all vertebrate Hox4 genes as well as in AmphiHox4 and even in Drosophila (Haerry and Gehring, 1997; Lou et al., 1995) , we analyzed the similarity scale of the amphioxus and vertebrate intron CNEs (compare group III CNEs in Fig. 9 ) and further the presence of transcription factor binding sites according to software and motif databases that are described in detail in the Materials and methods section. The performed multiple alignments included all paralogous sequences from zebrafish and orthologous sequences from human, mouse, chicken, tetraodon and xenopus. For illustration, the similarity of AmphiHox4 CNE to xenopus and zebrafish Hox4-intron CNEs is indicated in Fig. 10B . Through the analysis an AT-rich conserved motif became obvious (Suppl. Fig. 4A ), which is located within a previously described 72 bp sequence block identified as CB1 in mouse, chicken and puffer fish Hoxb4 genes . Two clustered Cdx-like binding motifs were identified, with a more contrasted conservation pattern among paralogs. Upstream of this Cdx cluster is a generic homeodomain binding motif (AATTA). Both intronic motifs (the homeodomain binding site and the Cdx cluster) were found previously to be conserved in the mouse Hoxa4, Hoxb4, Hoxa7 and Fugu Hoxb4 genes (Nolte et al., 2003) .
Further multiple alignments of the paralogous group I and II CNEs (see Fig. 9 ) revealed that a Cdx-like transcription factor binding site can be also identified in group I CNEs. This highly conserved region includes two Cdx-like binding motifs (CCATTAAA and TTTAATGG) and further an E-box (CACGTG), representing a potential bHLH-binding motif, which is conserved in all aligned sequences (Suppl. Fig. 4B ). While the second Cdx motif is strictly conserved, the first instance appears to have been lost in the hoxa4a, hoxc4a and hoxd4a CNEs due to an insertion in the third position of the motif, while it is present in the hoxb4a CNEs. It has been shown that cdx1a/cdx4 indeed negatively regulate hoxd4a, when cdx1a/cdx4 function was abolished hoxd4a expressed strongly and broadly in the spinal cord (Skromne et al., 2007) . From the amphioxus comparative analyses it can be concluded that an ancestral Cdx-like binding motif located in the intron of Hox4 genes could have been retained or adopted by other conserved regulatory sequence(s) during evolution. Within group II CNEs a retinoic acid response element (RARE) consensus sequence was identified that has been described previously in mouse and zebrafish Hoxd4 genes (Nolte et al., 2003) . These are indicated in figure supplement 4C. Further AT-rich motifs (Fig. Suppl. 4C ) that are located downstream adjacent likely represent additional functional elements. Using the TRANSFAC based PROMO software many transcription factor binding sites were predicted with those enriched that bind molecules of the Pou and Hox families.
Discussion
Hox genes encode transcription factors with multiple functions during embryonic development and act to define morphology, cell identities and neuronal subtypes throughout the animal kingdom. Even though Hox genes have species-specific mutational phenotypes, the coding sequence of one gene can often substitute for the coding sequence of orthologous or even paralogous genes (Calonge et al., 2007; Horan et al., 1995a,b; Malicki et al., 1990; Capecchi, 1997, 1998; McGinnis et al., 1990) , suggesting that, to a large degree, differences between Hox genes are found within their spatiotemporal (cis-) regulation.
Hox clusters are tightly arranged, and regulatory control regions located outside the clusters (Spitz et al., 2005; Tumpel et al., 2002 Tumpel et al., , 2006 , shared transcription units (Hadrys et al., 2006) as well as chromatin modifications (Soshnikova and Duboule, 2009 ) might suffice to explain the colinearity of the vertebrate Hox clusters. Even though single enhancers have been tested previously in reporter gene constructs (Hadrys et al., 2006; Kwan et al., 2001; Manzanares et al., 1999; Morrison et al., 1997; Zhang et al., 1997) , it was thought that regulatory elements within the Hox clusters need their genomic context to function properly.
Our study contributes to this topic by defining the conserved regulatory content of the genomic region surrounding the Hox4 genes in zebrafish -first predicting putative enhancers through highest sequence conservation and then, using the main Hox4 gene expression features (hindbrain r7 and r8, spinal cord and pharyngeal arches), systematically testing the CNEs in reporter gene constructs in stable transgenesis. This study thereby established a list of the most conserved CNEs in the Hox4 loci and assessed their cis-regulatory function (if any). Establishing their paralogous relationships through multiple sequence alignments revealed that even though sequence similarities were retained during evolution, the CNEs have evolved in their function, underscoring the complexity of cis-regulatory mechanisms in the Hox clusters.
Hox4 gene activity is regulated through multiple regulatory sequences that act in an overlapping manner About 50% of the tested sequences conserved from fish to human had enhancer activity. Especially from the hoxb4a and hoxd4a gene loci we could extrapolate that a broad range of control sequences contribute to the regulation of the Hox4 genes. As observed earlier to some extent in mouse Zhang et al., 1997) one surprising outcome of our study was that certain expression domains are mostly regulated through several enhancers. Such redundancies and overlapping activities of regulatory sequences have been hypothesized to ensure specific transcripts dosages and the coordination of highly specific expression patterns (Gavalas et al., 2003; Gerard et al., 1996; Komisarczuk et al., 2009; Sharpe et al., 1998) .
The hoxb4a and hoxd4a genes appeared to be regulated in a more complex way when compared to hoxa4a and hoxc4a, and a higher number of regulatory sequences seem to control these genes. In the hoxa4a and the hoxc4a loci, only a few CNEs were found and their consistent activities seem to mediate a simpler and clearer regulation of the expression pattern of the endogenous gene. For example hoxa4a element a4-3 directed strong and robust expression to the posterior hindbrain, including motoneurons innervating the fin (compare Fig. 5 ), comparable to an enhancer trap line carrying an insertion 0.8 kb upstream of hoxa4a (Punnamoottil et al., 2008) . The hoxc4a pattern appeared to be mainly mediated through c4-2 in the posterior hindbrain and pectoral fins and through c4-4 in pharyngeal arches, pectoral fins, posterior hindbrain and spinal cord (compare Fig. 6 ). Despite the overlapping activity of the majority of the tested enhancers in the hoxb4a locus, some elements clearly showed unique functions resulting in different expression at cellular levels. For example elements b4-5 and b4-10 were both active in the developing posterior hindbrain, where one element drove GFP expression in neurons located dorsally and laterally (Fig. 5, b4-5′) , and the other drove expression in neurons located medially (Fig. 5, b4-10′) .
Elements from the hoxda cluster revealed unexpected regulatory activities as for instance elements d4-1 and d4-3 likely regulated expression features of the widely expressed hoxd9a gene (published at ZFIN database), but remarkably both enhancers were very specific (Fig. 7) . Testing of element d4-4 revealed hoxd4a specific expression features and, as revealed by establishing paralogous relationships, this sequence was defined as the start of the hoxd4a regulatory domain. This element had activity in the spinal cord. The hindbrain expression domain was mediated by three tested sequences d4-6, d4-8 and d4-9a. Even though a 5′ RARE sequence is included in element d4-5, this element did not have cis-regulatory activity by itself. With element d4-9a we have tested an element that includes a previously identified neuronal enhancer of hoxd4a. Both, mouse and zebrafish sequences, were described to include a 3′RARE and regulated hindbrain r7 and r8 and spinal cord expression when tested in mice (Nolte et al., 2003) . Substitutions within the RARE sequence did affect the neuronal expression, but did not exclusively shift the anterior expression boundary. Testing of element d4-9a that contained, in addition to the core sequence conservation (human:zebrafish), further sequences conserved only in fishes (pufferfish:zebrafish) including the 3′RARE resulted in GFP expression in r7, r8, spinal cord and branchial arches. A shorter fragment, CNE d4-9, missing the 3′RARE did not have regulatory activity and revealed the importance of species-specific sequence conservation in enhancer prediction.
The non-reproducible activity of many elements suggests that the high conservation threshold that we chose as a basis for testing might have excluded additional regulatory sequences flanking the CNEs. Some elements might be more dependent than others on the genomic context in which they land resulting in position-specific functions. Further, cis-regulatory sequences often interact with each other to generate complete cis-regulatory modules as recently demonstrated for notochord-specific enhancers of the ctgf and sox9a genes (Rastegar et al., 2008) . To protect 5′ HoxD genes from the regulatory influence of the adjacent Evx2 gene, two insulator sequences are required to act in combination (Kmita et al., 2002b) .
Evolutionary relationships of the Hox4 genomic sequences
The four vertebrate Hox clusters originated through 2 rounds of genome duplications from a single ancestral Hox cluster (Fig. 1A) . Some studies group the A-and D-cluster and the B-and C-cluster together (Bailey et al., 1997) , whereas others favor the split of an ancestral Hox cluster into A and B followed by a further split of the Acluster into A and C and the B-cluster into B and D (for overview see (Kuraku and Meyer, 2009 ). The total number of CNEs is different among the Hox4 paralogs: while we found up to 12 CNEs in the hoxb4a and hoxd4a loci, only four could be discerned in the hoxa4a and hoxc4a loci, which, at first approximation, might imply a higher similarity of the ba-and da-clusters. Based on the highest level of conservation, we established paralogous relationships for CNEs in the Hox4 loci as illustrated in the diagram in Fig. 9 . Accordingly, we conclude that the first Hox4 regulatory sequence (#1 in aa, ba, ca and #4 in da) could have been retained in all four loci, because this might be a promoter/regulatory sequence for the initiation of a very long transcript starting downstream of Hox5 and including Hox4 and Hox3 exon sequences. Four elements, a4-4, b4-5, c4-2 and d4-5, are closely related and were defined as group II CNEs. Whereas the hoxb4a and hoxc4a elements mediated similar tissue-specific expression in the hindbrain r7 and r8, the hoxa4a element had unspecific cis-regulatory activity and d4-5 did not direct reporter expression at all. Further elements are most conserved between two loci, hoxb4a and hoxd4a, hoxb4a and hoxc4a and hoxc4a and hoxd4a. Many of these elements had unspecific or no activity revealing that retaining sequence conservation cannot be directly correlated with tissue-specific cisregulatory activity as was also suggested previously (Kmita et al., 2002b) . From the phylogenetic analysis of group I CNEs two similarity groups of the Hox4 loci have emerged: aa, ba, ca and ba, ca, da, revealing no high CNE similarities between the hoxa4a locus and the hoxd4a locus. This could be explained by an evolutionary scenario where the ancestral cluster first split into B and C followed by a split of the clusters into B and D and C and A having either B/A and D/C or D/ B and AC as sister clusters. However the phylogenetic tree that we have established for group I CNEs favours D/C and B/A sister clusters.
The intronic CNEs (group III) seem to harbor an ancestral Hox4 paralog enhancer present even in Drosophila (Haerry and Gehring, 1997) and, as shown here, in the cephalochordate amphioxus. Since the tested AmphiHox4 element that included just the strongest sequence conservation drove only inconsistent GFP expression in zebrafish transgenes, the original regulatory relevance of this element in the chordate ancestor cannot be deduced. In vertebrates Hoxb4 and Hoxd4 intron sequences were identified as enhancers regulating mesoderm, spinal cord and neural crest expression (Aparicio et al., 1995; Brend et al., 2003; Gould et al., 1997; Morrison et al., 1995) including a highly conserved sequence block with two Hox binding sites (Gehring et al., 1994; Morrison et al., 1995) . The presence of Cdx binding sites in both, group III and I CNEs (Fig. Suppl. 4) , might imply that particular CNEs may have been retained or recruited into new evolutionary contexts and as such may be responsible for the recruitment of developmental gene networks to new structures and morphological innovations.
A major conclusion drawn from our analysis is that even though cis-regulatory sequences in the Hox clusters have similarities and are conserved during evolution, their functions have significantly evolved, suggesting that novel expression features might arise through modification of conserved enhancers, in line with recent findings in insect dorsoventral patterning (Cande et al., 2009 ).
